This research proposes mesh and domain optimization strategies for a popular Computational Fluid Dynamics (CFD) technique to estimate the open water propulsive characteristics of fixed pitch propellers accurately and time-efficiently based on examining the effect of various mesh and computation domain parameters. It used a Reynolds-Averaged Navier-Stokes (RANS) solver to predict the propulsive performance of a fixed pitch propeller with varied meshing, simulation domain and setup parameters. The optimized mesh and domain size parameters were selected using Design of Experiments (DoE) methods enabling simulations in a limited memory and in a timely manner without compromising the accuracy of results. The predicted thrust and torque for the propeller were compared to the corresponding measurements for determining the prediction accuracy. The authors found that the optimized meshing and setup arrangements reduced the propeller opens simulation time by at least a factor of six as compared to the generally popular CFD parameter setup. In addition, the accuracy of propulsive characteristics was improved by up to 50% as compared to published simulation results. The methodologies presented in this paper can be similarly applied to other simulations such as calm water ship resistance, ship propulsion etc. to systematically derive the optimized meshing arrangement for simulations with minimal simulation time and maximum accuracy. This investigation was carried out using a commercial CFD package; however, the findings can be applied to any RANS solver.
Introduction
One of the drawbacks of any RANS solver is the huge requirements of proper mesh generation effort and consequential computational time to solve the domain. One important requirement before carrying out a CFD computation is mesh generation within a domain in which the subject geometry is present. Often, for propeller simulation, a domain size is selected arbitrarily such that the domain boundaries are sufficiently away from the propeller. In addition, multiple refinement zones are used to the domain to capture flow dynamics around the leading and trailing edges of the blades and possible flow separations. The sizes of these refinement zones are picked based on experience or using trial and error approaches. These often result in unnecessarily large domain and refined zone sizes, hence a large number of cells. Generally, a mesh dependency/sensitivity study is carried out to understand the influence of mesh size and refinement on the simulation results. It is often very expensive and time consuming to obtain a completely mesh independent solution, particularly if the mesh size is reduced erratically. Achieving a suitable mesh density for a specific problem with acceptable computational time and numerical accuracy has remained a major research topic in the CFD.
The common practice in propulsion prediction studies is to perform local refinement near the propeller blades and along the propeller axis in the form of a cylinder with diameter slightly larger than the propeller. Nevertheless, a coarser mesh is maintained at the far field fluid domain. A mesh dependency study is generally carried out in order to ensure that the solution is independent of the mesh size. This is usually achieved through a gradual reduction in mesh size until a small difference in the thrust and / or torque coefficient predictions between two successive mesh refinements is reached. This process continues until the difference in the drag coefficient is below 0.005 or less than 5%. However, this does not necessarily confirm optimum domain and refinement zones. In addition, a steady state simulation is a common practice with 2000 to 5000 iterations. This approach often results in a numerical accuracy in the range of 2% to 10% and a simulation time in the range of 5 to 12 hours (depending on the number of CPU cores (processors) used for the simulation). Funeno (1999 and simulated the current around a highly skewed propeller using an unstructured mesh.
The results had good correspondence experiment data for steady state and unsteady flow, but this method was complicated and time consuming. Martínez-Calle (2002) simulated the propeller using a k-epsilon turbulent method in steady state open water conditions. Overall, the results were acceptable but there was approximately 30% error in prediction of torque coefficient. Takekoshi (2003) simulated the propeller using a standard komega turbulent method in open water and steady state conditions. For simulation of propeller geometry and its surrounding fluid, he used the propeller symmetry and simulated only one blade and compared the results of experiments with his simulated results, which resulted in a 15 percent error in the simulation results, relative to the experiments. Nasika et al. (2010) presented a methodology to predict the propeller hydrodynamic performance using a finite volume numerical modeling approach such as the commercial code 'Fluent'. The authors claimed that the results were comparable to the experimental results with the benefits of decreased time and cost, details of the flow around the propeller with pressure and velocity contours, with no limitation in velocity flow and model size. However, it should be noted that the error in thrust and torque predictions were up to 20%. The analysis of the results from the studies above shows that there is a need for further improvement of prediction techniques for propeller characteristics.
The application of design of experiment techniques to obtain optimized domain setup parameters for propeller simulations has not been reported before. Ahmed et al. (2010) presented a mesh optimization strategy for accurately estimating the drag of a ground vehicle. This study was based on examining the effect of different mesh parameters using a Design of Experiments (DoE) method. A simplified car model at three scales was investigated and compared with results from the MIRA model wind tunnel (Ahmed et al. 2010) . Scaling the optimized mesh size with the length of car model was successfully used to predict the drag of the other car sizes with reasonable accuracy. The current study was inspired by this study. Islam and Lye (2009) presented the application of DOE methodologies to obtain simplified models to predict the propulsive characteristics of a propeller.
The present study provides guidelines for generating domain and meshing arrangements for solving hydrodynamic flow over a propeller model. An optimization study has been carried out to find out the combination of domain, refinement zone and mesh sizes, which would give the least simulation time, and the most accurate results for propeller performance characteristics using modern statistical design of experiment methodologies. It recommends initial values for different mesh and domain parameters to reduce computation time and memory usage. One propeller was used in the current study termed as the "Base" propeller. The optimization study was carried out using the Base propeller and validated using a "Second" propeller to obtain the optimum domain characteristics that give the least simulation time and most accurate predictions compared to the corresponding measurements of propulsive characteristics. Parameters, named outer domain size, inlet and outlet distances, inner domain diameter and extent and base mesh size are studied. The surface growth rate, mesh type, number of prism layers and prism layer thickness were assumed constant. The commercial Reynolds-Averaged Navier Stokes (RANS) solver, Star-CCM+ (CD-Adapco 2014), was used to predict the propulsive performance of the propellers at various loading conditions. Section 2 presents the details of the propeller models used in the research. Section 3 provides a brief overview of the mathematical formulation of various CFD models used in the research. The application of a fractional factorial design to the problem at hand is presented in Section 4. This Section presents the optimization techniques that are applied to the resulting model of the domain characteristics to obtain the least time consuming and most accurate combination of meshing parameters to predict propeller coefficients. Section 5 presents the simulation results and discussions on the validation of the optimized models. A few concluding remarks are presented in Section 6.
Propeller Models
The experiments and numerical analyses included a left-handed model propeller with a hub taper angle of -15°. This propeller was used as the base propeller for the optimization of the domain characteristics and the initial validation of the optimized domain. Another stock propeller was used as a second propeller to validate the optimized domain characteristics. Table 1 presents a description of the geometric characteristics of both propellers. Islam (2009) provides details of the geometry of the propellers. Figure 1 shows the physical and rendered models of the propeller. 
Simulation Methodology
A general discussion on the mathematical background used in the RANS solver and propeller simulation method used in the current work is presented in this section.
Governing equations
The fluid is assumed to be incompressible. The governing equations are for mass and momentum conservation. Using the Reynolds averaging approach, the Navier-Stokes equations can be stated as in Equation 1 and 2:
is the Reynolds stresses.
Turbulence model
The two-equation standard k-ω model, which was popularized by Wilcox (1998) 
where σ k and σ ω are the turbulent Prandtl numbers for k and ω, respectively, and
is the rate of production of turbulent kinetic energy. The turbulent viscosity, µ t , is computed by combining k and ω as follows:
The coefficient *  damps the turbulent viscosity causing a low-Reynolds-number correction (Menter 1994 ).
Propeller simulation method
The rotation of the propeller in the fluid environment is modelled in a steady-state manner by using Moving Reference Frame (MRF) method in RANS solver. A rotating reference frame is a rotating frame of reference that can be applied to regions to generate a constant grid flux. This approach gives a solution that represents the time-averaged behavior of the flow, rather than the time-accurate behavior. In this case, governing equations are solved with additional acceleration terms. The computational domain is divided into stationary and moving frames. For an arbitrary point in solution field, the absolute velocity, v and relative r v can be defined by the following relation:
where r is the position vector from the origin of the moving frame and  is the angular velocity vector.
The governing equations of fluid flow in a moving reference frame can be written in two different ways: absolute velocity formulation or relative velocity formulation. The mass and momentum equation in the relative velocity formulation can be stated as:
is the centripetal acceleration, Ferziger and Peric (2002) .
All computations reported here are performed using the commercial CFD software Star-CCM+. It is based on a finite volume (FV) method and starts from the conservation equations in integral form. With appropriate initial and boundary conditions and by means of a number of discrete approximations, an algebraic equation system solvable on a computer is obtained. First, the spatial solution domain is subdivided into a finite number of contiguous control volumes (CVs) which were of an arbitrary polyhedral shape and were made smaller in regions of rapid variation of flow variables. The governing equations contain surface and volume integrals, as well as time and space derivatives. These are then approximated for each CV and time level using suitable approximations. The solvers also took into account the effects of viscosity and turbulence due to the complex flow pattern around propeller blades.
Optimization Methodology
The strategy to reach the optimum meshing arrangement for propeller simulation followed the six stages stated below. A further description of the steps and the outcome of the approach are provided in the following section. 
Selection of domain parameters and factorial design
A literature survey showed that for the majority of propeller simulations, a cylindrical outer domain is used with a number of inner cylinders for local mesh refinements. The outer domain generally has 3D to 7D, where D is the propeller diameter. The distance between the rotating frame, which is also the propeller center, and inlet varies between 3D and 6D, while it is between 4D and 10D for the outlet and propeller center frame. For local mesh refinement, it is a recommended practice to use an axial refinement along the propeller axis spanning the length of the domain with a diameter 1.5D to 3D (Nakisa et al., 2010) . Some researchers use an additional mesh refinement zone that span the diameter of the external domain and extended along the axis for 0.5D to 2D concentric to the propeller, Shamsi and Ghassemi (2013) . The domain parameters typically used for a propeller is summarized in Table 4 . In the current research, a total of six input domain and meshing parameters are selected for the optimization study, namely: outer domain size, inlet and outlet distances, inner domain diameter and extent and base mesh size. A fractional factorial design (FFD) (Islam and Lye, 2009 ) was used to design the experiments to minimize the runs. The factors are given in Table 5 with the corresponding low and high values to be considered in the FFD design. The ranges of each of the input variables are selected based on what has been used in predicting propeller characteristics using RANS solver in the literature. With six factors, the half-fractional two-level factorial design (2 6-1 ) requires a combination of experimental 32 runs or calculation points. The design is a Resolution V design, which means that all main effects and two-factor interactions can be estimated without ambiguity, Montgomery (2005) . Note, there are other parameters such as free-stream turbulence intensity, boundary conditions, and propeller rotation rate could also be parameters in the design. Further details of design of experiment techniques and two-level fractional factorial design can be found in Montgomery (2005) and Islam and Lye (2009) . The experimental design requires that the RANS solver is used to model the base propeller in a solution domain with changed dimension parameters. The relative position of each of the sub-domains with respect to the propeller center remained the same. Figure 2 and Figure 3 show the 3D computational domain for the base propeller and for the second propeller, respectively, with the popular domain and meshing factors. Figure 4 and Figure 5 show the volume mesh for the propeller on a vertical plane through the propeller center for the base propeller and for the second propeller, respectively, in its popular setup. Unstructured grid was used, which results in a smoother discretization near the leading and trailing edge of both propellers, see Figure 6 . The 32 run combinations for the 2 6-1 design and the responses are shown in Table 6 . A total of 32 simulation files were developed using the domain parameters presented in Table 5 . For each case, the volumetric mesh was generated in the domain using polyhedral cells. The meshing arrangements around the base propeller in a vertical plane for the FFD combination 1 and 32 are shown in Figure 7 , and in Figure 8 , respectively.
For each of the simulations, the inlet boundary condition for the fixed frame is set as a velocity inlet with a constant velocity profile. The outlet boundary condition was set as a pressure outlet. The propeller blades, hub and shaft are assumed as wall boundary conditions. In each of the simulations, the governing equations are solved by the finite volume method. The SIMPLE algorithm is used to solve the pressure-velocity coupling equations. The second order upwind discretization scheme is utilized for the momentum, turbulent kinetic energy, and turbulent dissipation rate. The rotation of the propeller is modelled using moving reference frame method and turbulence is modelled by Menter's SST k-ω method, Menter (1994) . The relative meshing arrangements for each of the refinement zones were kept the same for each simulation. Also, the simulation boundary conditions and kinematics were unchanged between the simulations. All simulations in the FFD study were carried out at uniform inlet velocity of 1.5 m/s with the propeller rotating at 15 rps (J=0.5). The measured thrust and torque of the base propeller in the corresponding open water model test condition were 102.7 N and 3.17 N-m, respectively. Table 6 Figure 8: The vertical plane showing the volume mesh around the base propeller using the FFD domain setup 32 in Table 6 The simulations were run using STAR-CCM+ version 11.04 and the computation was carried out on Intel Core 2 Duo 3GHz processors with 16GB RAM. At least 2000 steady state iterations were completed for each simulation. As shown in Figure 9 , the predicted value converges before 2000 iterations are completed in the steady state simulations. Any further increase in the iterations does not improve the results. Also, the residuals in the simulations reach an acceptable low value after 2000 iterations are completed (see Figure 10) . The thrust and torque coefficients obtained from the CFD models were validated with experimental results, see Section 6.
Statistical analysis of the FFD
The focus of this analysis is to determine the most significant factors among the six factors in Table 5 for the simulation time and accuracy of thrust and torque of the propeller as compared to the corresponding measurements. Design Expert® 7.03 from Statease, a stand-alone software for design of experiments, was used to design the experiments and analyze the results. It was found that all six parameters were significant directly or in the form of interactions to define the response parameters, see Figure 11 . This is a plot of the ordered absolute value of the effects estimates. The model for thrust obtained from the fractional factorial design in physical units is given in Equation 10 . The model for the torque is given in Equation 11 . This simple linear model for thrust gave a R 2 value of about 96% and predicted R 2 of about 90%. The torque model gave a R 2 value of about 99% and predicted R 2 of about 96%. The high number of R 2 value means high accuracy of the predicting model, Montgomery (2005) . Note these models are to predict propeller thrust and torque when the simulation domain parameters are kept within the ranges used to develop the models; see Table 5 . 
Numerical optimization is carried out using the FFD data set to obtain an optimized combination of domain setup parameters with the objective to obtain the least amount of simulation time and most accurate thrust and torque predictions. The accuracy of the thrust and torque is defined as the percentage difference between the measured and predicted values. The numerical optimization routine offered in Design Expert® 7.03 was used for this purpose. Table 7 presents the domain setup parameters for two optimized setups obtained from the analysis. Setup I was obtained using the criteria for least simulation time and setup II was obtained without setting up any time criteria. In both setup the criteria of maximum accuracy in thrust and torque prediction was set. The meshing arrangements around the base propeller in a vertical plane for the optimized domain parameters in Setup I and Setup II are shown in Figure 12 , and in Figure 13 , respectively. 
Results and Discussion

Open water performance using traditional domain setup
The measurements and predictions of the open water characteristics of the base propeller using the popular domain setup are presented in Figure 14 and in Table 8 . In the popular domain and meshing arrangement, the predicted thrust and torque were within 2% and 4% of the measurements, respectively. Propeller thrust is slightly under-predicted, while the propeller torque is over-predicted. In the RANS simulation, the flow is assumed fully turbulent whereas the model experiments primarily occur in transient flow conditions. This may causes higher skin friction on the blades in the prediction compared to the measurements. A similar comparison for the second propeller is presented in Figure 15 and in Table 8 . Similar to the base propeller, the thrust is slightly under-predicted, while the propeller torque is overpredicted. However, the predicted thrust and torque were within 3% and 9% of the corresponding measurements. The simulation time for each of the data points for both propellers was approximately 2 hours. 
5.2
Open water performance using optimized domain setup
The measurements and predictions of the open water characteristics of the base propeller using the two optimized domain setups are presented in Figure 16 and in Figure 17 . In both optimized domain and meshing arrangements, the predicted thrust and torque were within 2% and 3% of the measurements, respectively. In both cases, both thrust and torque were slightly over-predicted. This means an increase in prediction accuracy of approximately 10% and 25% for thrust and torque using the optimized setup I over the popular setup. The simulation time for the base propeller using the popular setup was approximately 6 times higher than using the optimized setup I. However, the simulation time was approximately the same to that using the optimized setup II. For the Second propeller, the predicted propulsive characteristics as compared to that from the measurements for optimized setup I are presented in Figure 18 and in Table 8 . The predicted thrust and torque were within 3% and 5% of the measurements, respectively. This means an increase in prediction accuracy of approximately 10% and 45% for thrust and torque using the optimized setup I over the popular setup. The thrust is under-predicted, while the propeller torque is over-predicted. Similar to the base propeller, the simulation time for the second propeller using the popular setup was approximately 6 times higher than using the optimized setup I. Figure 19 , 20 and 21 present the pressure distribution on backside and face side of the base propeller at J=0.5 obtained using the popular, optimized setup I and optimized setup II, respectively. As observed in the figures that the high pressure is on the face and the low pressure is on the backside. The minimum pressures are located on the leading edge of the propeller blades, close to the tip. It is noted that for the optimized setup I, the magnitude of pressure distribution around the leading edge on the face and backsides of the blades is lower than that obtained using the popular setup. This may be attributed to the coarse mesh around the blades. The distribution between the popular setup and optimized setup II is very similar. The axial velocity distribution and the velocity vector around the base propeller obtained using the popular and the optimized setup appears very similar, see Figure 22 , Figure 23 , and Figure 24 .
Bladed pressure side Blade suction side Figure 19 : The pressure distribution on the blades of the Base propeller using popular domain setup at advance coefficient, J=0.5
Bladed pressure side Blade suction side Figure 20 : The pressure distribution on the blades of the Base propeller using optimized domain setup I at advance coefficient, J=0.5
Bladed pressure side Blade suction side Figure 21 : The pressure distribution on the blades of the Base propeller using optimized domain setup II at advance coefficient, J=0.5 Figure 26 presents the pressure distribution on backside and face side of the second propeller at J=0.6 obtained using the popular and optimized setup, respectively. Similar to the base propeller, high pressure is on the face and low pressure is on the backside is observed. The magnitude of pressure distribution around the leading edge on the face and backsides of the blades is slightly lower than that obtained using the popular setup. This may be attributed to the coarse mesh around the blades. As shown in Figure 27 and in Figure 28 , the axial velocity distribution and the velocity vector around the second propeller blades obtained using the popular and the optimized setups are very similar.
Blade pressure side Blade suction side Figure 25 : The pressure distribution on the blades of the second propeller using the popular domain setup at advance coefficient, J=0.6
There is a slight increase in the accuracy of thrust and torque prediction of the base propeller using the optimized setup I with significant reduction in simulation time as comparted to the popular simulation setup. For commercial numerical prediction work using CFD packages, especially in the initial design stage, the optimized meshing arrangement may provide improved prediction of the propeller open water performance in a much lower simulation time. The optimized domain setup may produce the open water performance curves within a few hours whereas it may take over a day to obtain similar curves using the popular domain setup, with both methods producing comparable prediction accuracy. However, in the advanced design stage when the pressure and velocity distributions around propeller blades are required, the popular or optimized setup II may generate the desired results.
Back of the blades Face of the blades Figure 26 : The pressure distribution on the blades of the second propeller using the optimized domain setup at advance coefficient, J=0.6 Figure 27 : The velocity distribution and velocity vectors on the propeller plane of the second propeller using popular domain setup at advance coefficient, J=0.6 Figure 28 : The velocity distribution and velocity vectors on the propeller plane of the second propeller using the optimized domain setup at advance coefficient, J=0.6
Concluding Remarks
This study demonstrated that with mesh and domain optimizations, it is possible to use a desktop computer to make accurate predictions of the propulsive characteristics of fixed pitch propellers in open water. In this study, the optimized mesh and domain size parameters were selected using Design of Experiments (DoE) methods enabling RANS simulations to be carried out in a limited memory environment, and in a timely manner; without compromising the accuracy of results.
With the optimized domain and meshing arrangements for both propellers, the predicted thrust and torque were within 2% and 3% of the measurements, respectively. For both propellers, the simulation time using the popular setup was approximately 6 times higher than using the optimized setup I. For commercial numerical prediction work, especially in the initial design stage, the optimized meshing arrangement may provide improved prediction of the propeller open water performance in a much lower simulation time. The optimized domain setup may produce the open water performance curves within a few hours whereas it may take over a day to obtain similar curves using the popular domain setup, with both methods producing comparable prediction accuracy. However, in the advanced design stage when the pressure and velocity distributions around propeller blades are required, the popular or optimized setup II may generate the desired results.
